(NVCs) causing, for example, trigeminal neuralgia and hemifacial spasms. An NVC of the cochleovestibular nerve might cause tinnitus and/or vertigo; however, general acceptance of MVD for this indication is lacking. The aim of this study was to investigate the effectiveness, safety, and prognostic factors for success of MVD of the cochleovestibular nerve. METHODS A systematic review and meta-analysis of individual patient data (IPD) were conducted according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses and Individual Patient Data (PRISMA-IPD) guidelines. By a comprehensive search (conducted in January 2016) in MEDLINE, EMBASE, and Google Scholar, eligible studies were identified. The collected outcome was a global measurement of improvement of 1) tinnitus, 2) vertigo, and 3) tinnitus combined with vertigo. For the meta-analysis, IPD were collected from the papers and/or from the authors. IPD were analyzed with logistic regression analysis while accounting for study clustering. RESULTS Thirty-five studies (572 patients) were included. The level of evidence provided by these studies was low. In 28% of patients with tinnitus and 32% of patients with vertigo, complete relief following MVD was reported. Patients with both tinnitus and vertigo had complete relief in 62% of cases. In 11% of patients, ≥ 1 complications were reported. Metaanalysis of IPD (165 patients) demonstrated that patients with both tinnitus and vertigo had a higher chance of success (OR 3.8, 95% CI 1.45-10.10) than patients with tinnitus alone. No other variables were significantly related to success. CONCLUSIONS Due to low success rates, MVD cannot be considered as a standard treatment method for tinnitus or vertigo. Moreover, a substantial complication rate was found. However, patients with combined symptoms had a higher chance of success. When combined symptoms occur, it is more likely that an NVC is the underlying pathology and MVD might be appropriate. Due to the low level of evidence in the included studies, this conclusion must be taken with caution. Further validation is necessary to evaluate whether patients with combined symptoms are indeed better candidates for MVD.
A neurovAsculAr conflict (NVC) is a well-known neurological phenomenon, in which the root entry zone of a cranial nerve is compressed by an artery or vein. As such, an NVC may cause symptoms related to the affected nerve. In 1932, neurosurgeon Walter Dandy was the first to propose this concept, describing an NVC of the trigeminal nerve in the posterior fossa as the cause of trigeminal neuralgia. 10 In the late 1960s, the theory of NVC received more attention after the publication by Peter Jannetta of a large series of microvascular decompression (MVD) surgeries as treatment for symptomatic NVC of various cranial nerves. nal neuralgia), facial nerve (i.e., hemifacial spasms), and glossopharyngeal nerve (i.e., glossopharyngeal neuralgia). 21, 31, 48 It has been suggested that NVC of the cochleovestibular nerve could be a cause of unilateral tinnitus and vertigo. 19 An NVC of the cochleovestibular nerve may cause a heterogeneous symptomatology, because the nerve is composed of the superior vestibular nerve, the inferior vestibular nerve, and the cochlear nerve. Therefore, compression of the cochleovestibular nerve has the potential to cause symptoms of tinnitus and/or vertigo, sometimes accompanied by sensorineural hearing loss, which in the literature is also referred to as the cochleovestibular nerve compression syndrome. 41 Unlike MVD for trigeminal neuralgia, for example, general acceptance of MVD for tinnitus and/or vertigo is lacking. For trigeminal neuralgia, the success rate at long-term follow-up is 83%. 48 For hemifacial spasms and glossopharyngeal neuralgia, the success rates (91% and 92%-98%, respectively) are even higher. 21, 31 In contrast, the estimated success rate of MVD for tinnitus is between 28% and 100%, and for vertigo it is between 75% and 100%. 47 This dissimilarity in success rates may be caused by the lack of sufficient diagnostic criteria for tinnitus and/or vertigo caused by an NVC, resulting in inadequate patient selection.
To tackle the ongoing controversy regarding this type of surgery, more insight is needed. The results of many studies in which MVD was performed for tinnitus and/or vertigo have been published since 1975. However, to our knowledge, no meta-analysis of these data has been performed. Therefore, we conducted a systematic review and meta-analysis of individual patient data (IPD) in all studies, assessing the effectiveness of MVD of the cochleovestibular nerve for patients with complaints of tinnitus and/ or vertigo. In addition, complication rates and prognostic factors of success were reviewed, to gain more insight into safety and adequate patient selection.
Methods
This systematic review and the IPD meta-analysis were conducted according to the methods of the Cochrane Collaboration 17 and the Preferred Reporting Items for Systematic Reviews and Meta-Analyses and Individual Patient Data (PRISMA-IPD) guidelines. 42 A protocol for this systematic review was specified in advance and published in the PROSPERO database (CRD42015017437) (www.crd. york.ac.uk/PROSPERO).
Eligibility Criteria and Information Sources
A systematic search in MEDLINE (PubMed) and EM-BASE was conducted on February 18, 2015, and was updated on January 27, 2016. The search strategy was developed using the PICO method. The "P" (participants) were patients with an NVC of the cochleovestibular nerve and symptoms of tinnitus and/or vertigo. The "I" (intervention) was MVD surgery of the cochleovestibular nerve. The "C" (comparison) and "O" (outcome) were left open to assure a broad search. The peer-reviewed search strategy was designed using the following search indexing terms: "tinnitus," "vertigo," "cochleovestibular nerve compression syndrome," "microvascular decompression," "cochleovestibular nerve," and other variations. An additional search was conducted in Google Scholar, to avoid missing articles that lacked one of the search terms in the title, abstract, or index terms. In addition, the Cochrane Central Register of Controlled Trials was searched for relevant articles. Furthermore, references of all included studies and relevant reviews on this topic were screened for potentially eligible studies.
Study Selection
Eligible articles consisted of studies that met the following criteria: 1) included patients with an NVC of the cochleovestibular nerve with symptoms of tinnitus and/or vertigo; 2) investigated the effectiveness of MVD of the cochleovestibular nerve; 3) included a measure of recovery as outcome; and 4) presented the results in a quantitative way. Only full-text, peer-reviewed papers were included in the systematic review. No restrictions were made with regard to the design of the study. Publications written in languages other than English, Dutch, or German were excluded. The study selection was performed by 2 reviewers (M.J.C.B. and I.A.P.) independently. Disagreements between reviewers were resolved in a consensus meeting. All retrieved titles were screened for eligibility, followed by screening of the remaining abstracts. Subsequently, a final selection was made based on the full-text papers. When it was suspected that papers were based on the same study population (i.e., same study or same study center), the paper with the most complete patient data or, if papers were equally complete, the paper with the longest follow-up data was included. Other overlapping studies were excluded.
Data Extraction and Methodological Quality Assessment
A predesigned form was used to extract data from the included studies. Data extraction was performed by 1 reviewer (M.J.C.B.) and was cross-checked by another (I.A.P.). The following information was extracted both on a study level and on an individual patient level (if available): 1) patient characteristics (age, sex, symptoms, duration of symptoms before surgery, specification of symptoms, auditory brainstem response [ABR] , preoperative use of carbamazepine for symptom relief); 2) inclusion criteria, type of intervention, causative vessel identified perioperatively; 3) length of follow-up, recurrence of symptoms, necessity of reoperation; 4) primary outcome (i.e., global measurement of improvement of preoperative symptoms) indicating the treatment success; and 5) complications. For each study, information on complications was registered and categorized as minor complications (e.g., transient facial palsy, CSF leakage, wound infection, transient hearing deficit) or major complications (permanent facial palsy, permanent hearing deficit, meningitis, stroke, death). If no IPD were reported in the article, the corresponding author of the included study was contacted by email with a request to provide the (additional) IPD. After 2 and 4 weeks, a reminder was sent.
The methodological quality of all included studies was assessed by 2 reviewers (M.J.C.B. and I.A.P.) independently, using the "Quality Assessment Tool for Case Series Studies" (adjusted for the research topic) from the National Institutes of Health (https://www.nhlbi.nih.gov/health-pro/ guidelines/in-develop/cardiovascular-risk-reduction/tools/ case_series). Follow-up was regarded as adequate if the mean follow-up was ≥ 1 year. Disagreements between the reviewers were discussed and resolved in a consensus meeting. If necessary, the final decision was made by a third reviewer (N.S.). The overall percentage of agreement and Cohen's kappa were calculated to evaluate interrater agreement on the methodological quality of the included studies. To provide insight into possible publication bias, a scatterplot of sample size of study against percentage of complete relief of symptoms was constructed.
Statistical Analysis

Aggregate Data Analysis
For all included studies, the mean data on a study level (aggregate data) were presented using descriptive statistics. To quantitatively analyze the data, the postoperative outcome (i.e., global measurement of improvement) was categorized into 4 groups: "complete relief" (i.e., symptom free); "improvement" (defined as any variation of improvement); "no change"; and "worsening." The outcome was related to change in preoperative symptoms of 1) tinnitus and 2) vertigo. Because there was also a proportion of patients in whom symptoms of both occurred, a subgroup analysis was conducted for patients with 1) tinnitus, 2) vertigo, and 3) vertigo and tinnitus. The overall treatment outcome was presented as a percentage, calculated by the number of patients with, for example, complete relief of tinnitus divided by the total number of patients who underwent MVD for, in this case, tinnitus.
Individual Patient Data Meta-Analysis
To investigate prognostic variables of success of MVD, a meta-analysis of IPD was performed. For this purpose, the primary outcome (i.e., success of MVD surgery) was dichotomized into 2 categories: 1) success (defined as complete relief of symptoms and marked improvement of symptoms); and 2) no success (defined as minimal improvement of symptoms, no change, or worsening). The IPD from all studies were analyzed using a binary logistic regression model (1-stage approach), while accounting for clustering among patients within the same study by including random study effects. 1, 42 Odds ratios, 95% CIs, and overall p values are presented. An OR > 1 indicates increased odds for success of the intervention. Continuous variables (e.g., age, follow-up) were described using means with standard deviation for normal distributed data and median and interquartile range (IQR) for skewed distributed data. All statistical analyses were performed using IBM SPSS Statistics (version 22). Differences with a p value < 0.05 were regarded as significant.
Results
Study Selection
The initial search retrieved 1167 articles (MEDLINE: 550, EMBASE: 610, Google Scholar: 7, Cochrane Central Register of Controlled Trials: 0). Duplicate articles were removed. Review of 803 titles, 255 abstracts, and 92 fulltext articles resulted in the inclusion of 35 articles. [2] [3] [4] [5] [6] 8, [13] [14] [15] [16] [18] [19] [20] 22, 23, 25, [27] [28] [29] [30] 33, 34, [35] [36] [37] [38] [39] [40] [41] [43] [44] [45] [46] [47] 49 Special care was taken to avoid including studies with potentially overlapping participants (16 studies were excluded for this reason). For an overview of the selection process, see the PRISMA-IPD flow diagram (Fig. 1 ). An update of the search, using the same search strategy and selection process, was performed on January 27, 2016, and identified 34 additional articles. None of these articles were eligible for inclusion.
Characteristics of 35 Studies Comprising Total Population of Review
Details regarding characteristics of the included studies are presented in Table 1 . The 35 studies included in this review were published between 1980 and 2015 and originated from various countries. The included studies were case reports or case series, and the number of enrolled patients per study varied from 1 to 163. In total, 572 patients were included in this review, of whom 313 (55%) were women. As the main symptom, 207 (36%) patients had tinnitus, 222 (39%) had vertigo, and 143 (25%) had both tinnitus and vertigo. The mean age at surgery was 52 ± 6.7 years. The median duration of symptoms prior to surgery was 48 months (IQR 26-74 months) and the median follow-up was 19 months (IQR 9-38 months).
Abnormal ABR measurements preoperatively were reported in 312 of 398 (78%) patients. Not all studies specified the criteria for abnormality of ABR; however, most studies reported a prolonged wave I-III interval. Indications for performing MVD varied among the studies, as shown in Table 1 . Recurrence of preoperative complaints was described in 35 of 446 (8%) patients, followed by revision MVD in 31 (7%) patients (data not shown). The vessel most often reported as the cause of the NVC was the anterior inferior cerebellar artery (in 16% of cases); however, in 60% of cases the causative vessel was not reported (data not shown).
Assessment of Study Quality
The interrater agreement on the methodological quality assessment was substantial (overall agreement 81% [227 of 280]; Cohen's kappa 0.63). 24 Results of the methodological quality assessment of the included studies are presented in Fig. 2 . Two studies were conducted prospectively 22,36 and 33 retrospectively. The majority of the studies were case series (n = 22) and the other studies were case reports (n = 13), i.e., a description of only 1 patient. The most frequently encountered flaw was that the "outcome measure was not clearly defined, valid, reliable, and/or implemented consistently" (Fig. 2) . Only 4 (11%) studies scored positive on this item. 6, 15, 22, 45 
Treatment Success of MVD: Aggregate Data Analysis
The outcomes of MVD on a study level are described in an outcome table (see Appendix). The aggregate data analysis shows that complete relief of symptoms following MVD was achieved in 28% of patients with tinnitus and in 32% of patients with vertigo (Fig. 3, upper) . In a second analysis, the outcomes were split among "tinnitus," "vertigo," and "tinnitus and vertigo." In this analysis, there was treatment success in 62% of patients who had both tinnitus and vertigo, in 22% of patients with tinnitus, and in 27% of patients with vertigo (Fig. 3, lower) .
Meta-Analysis of Individual Patient Data
Individual patient data were adequately reported in 25 studies. 2, 4, 5, 8, [13] [14] [15] [16] 18, 19, 23, 25, [27] [28] [29] [30] 35, [37] [38] [39] [40] [43] [44] [45] [46] [47] From the remaining 10 studies, IPD were requested. This resulted in the inclusion of IPD from 2 more studies in the IPD analysis 3, 36 ( Fig. 1) . Finally, IPD from 165 patients were available, originating from 27 studies (marked with an asterisk in Table 1 ). In Table 2 , patients' characteristics are shown for the "success" group (n = 108) and the "no success" group (n = 57). For each of the 27 studies, Table 3 shows which terminology was used to define "success" versus "no success." For several variables, few data were available (e.g., "Type of tinnitus symptoms" [n = 21], "Type of vertigo symptoms" [n = 24], and "Successful use of carbamazepine" [n = 69]). For these variables, a univariate analysis was not appropriate; therefore, they were excluded from the analysis.
Results of the univariate binary logistic regression analysis of the remaining variables (Table 4) 
Surgical Complications
Thirteen of the 35 included articles did not report complications. An analysis of complications from the remaining 22 studies (representing 492 patients) is presented in Fig. 4 . Minor complications were reported in 3% of patients and major complications in 6%. The most common complication was permanent hearing deficit after surgery (5% of patients). Overall, 11% of patients had complications following MVD. No strokes or deaths were registered. Figure 5 shows a scatterplot of "sample size of study" versus "complete relief (of all symptoms)." In the smaller studies (i.e., n < 40), high as well as low success rates were published. This suggests that there is no severe risk of publication bias. However, no formal statistical tests for publication bias could be performed on these data.
Assessment of Publication Bias
Discussion
Summary of Evidence
This systematic review and meta-analysis assessed the treatment success of MVD of the cochleovestibular nerve for tinnitus and/or vertigo. The success rate, defined as the percentage of patients who had complete relief, was 28% for patients with tinnitus and 32% for patients with vertigo. If patients had both tinnitus and vertigo, treatment success was 62%. The meta-analysis of IPD also showed that patients with tinnitus combined with vertigo had a higher chance of treatment success than patients with only tinnitus or only vertigo. Moreover, a substantial complication rate was encountered. No other prognostic factors related to age, sex, preoperative ABR, duration of symptoms, symptom specification, or use of carbamazepine could be identified.
In 2008, Yap et al. attempted to identify the success rate of MVD of the cochleovestibular nerve in a systematic review and found a very wide range of success (defined as "complete relief and/or marked improvement") of 28%-100% for tinnitus and 75%-100% for vertigo. 47 Yap et al. included 22 studies without the guidance of PRISMA, whereas our systematic review comprises 35 studies. Our review provides a more specific analysis of treatment success, subdivided into 4 outcome categories. By evaluating the percentage of "complete relief" instead of "complete relief and/or marked improvement," we were able to make a comparison with success rates of MVD for other cranial nerves, such as in trigeminal neuralgia. In this review, a complication rate of 11% was encountered, which is more specific than that of Yap et al., who reported that "morbidity was minimal." 47 The rate of "complete relief" from MVD for tinnitus or vertigo is low compared with the success rates of MVD for other cranial nerves. 21, 31, 49 One of the reasons for this rather low success rate might be the fact that an NVC of the cochleovestibular nerve can cause a wide variety of symptoms, sometimes resembling other diagnoses such as Ménière's disease. Therefore, it is challenging to correctly assign tinnitus and/or vertigo complaints to an NVC. Several studies have attempted to specify a typical patient group with tinnitus and/or vertigo that would benefit from MVD. 11, 27, 33, 34, 41 However, presenting symptoms of NVC of the cochleovestibular nerve are not as distinct as those of trigeminal neuralgia, for example, which makes it difficult to determine adequate selection criteria.
Nevertheless, this review showed that if patients had both tinnitus and vertigo, the success rate increased to 62%. This remarkable difference, compared with the success rate of tinnitus alone or vertigo alone, suggests that when both symptoms occur in 1 patient, the underlying pathology is more likely to be of an NVC and thus MVD is an appropriate treatment. The cochleovestibular nerve contains both a vestibular and a cochlear branch; conflict of a vessel might therefore affect both nerve branches and may cause symptoms related to both tinnitus and vertigo. This hypothesis is supported by findings of Ryu et al., who correlated the complaints of an NVC to the exact location of compression on the nerve. 39 It must be noted that other inner ear disorders may cause tinnitus combined with vertigo, such as Ménière's disease. Therefore, other likely causes must be excluded, and additional information is needed to make the presumption that an NVC is the cause of the complaints. For example, an MRI with an NVC on the ipsilateral side of the complaints would point to an NVC, although it has been reported that some patients have an NVC on MRI but do not have any complaints. 9 However, the likelihood of an NVC as cause
FIG. 3.
Overview of surgical outcomes for tinnitus and vertigo after MVD surgery of the cochleovestibular nerve, for "tinnitus" and "vertigo" (upper) and for "tinnitus," "vertigo," and "tinnitus & vertigo" (lower).
of the complaints might increase when several clues add up. Clinical findings such as changes in ABR; anamnestic unilateral, paroxysmal attacks of tinnitus or vertigo; and responsiveness to carbamazepine have been suggested as other selection criteria. 11, 26, 27, 32 Unfortunately, in our IPD analysis, none of these suggested selection criteria could be confirmed.
The patient group included in the IPD analysis was rep- resentative of the total MVD population from the aggregate data analysis, in terms of sex, age, duration of symptoms, and follow-up. In accordance with the outcomes of our aggregate data analysis, the IPD analysis showed that if MVD was performed in patients with both tinnitus and vertigo, there was a significantly higher chance of treatment success compared with patients with tinnitus alone. Also, it was shown that the translabyrinthine approach for MVD resulted in statistically significantly lower treatment success, which suggests that this surgical approach should not be used. Indeed, this approach seems obsolete to use in patients with tinnitus and vertigo, because in this method the vestibule and semicircular canals are surgically removed and complete sensorineural hearing loss is induced, which in turn may cause tinnitus and vertigo. It was found that 78% of the reported preoperative ABR measurements were abnormal. De Ridder et al. proposed a pathophysiological mechanism for tinnitus resulting from NVC of the cochleovestibular nerve. They reported that if a blood vessel causes an NVC with the auditory part of the nerve, then a disorganized signal transmission occurs (objectified by Peak II decrease in ABR testing), resulting in tinnitus. 11 However, although ABR abnormalities have been suggested to result from an NVC of the cochleovestibular nerve, our IPD analysis did not demonstrate that abnormality of ABR is a prognostic factor for treatment success.
The preoperative duration of symptoms has also been suggested to be related to the outcome of MVD. 12, 33 De Ridder et al. argued that in an NVC of the cochleovestibular nerve, tinnitus is initially the result of impaired signal transmission at the level of the vascular contact. 12 The lon- ger the compression exists, the more damage is done to the auditory nerve, which may lead to demyelination of the nerve. In turn, this may translate to differentiation of auditory input into the central auditory cortex, leading to tinnitus. Therefore, De Ridder et al. suggested that surgical decompression should be performed within 4 years after the onset of symptoms.
12
In our IPD analysis, no statistically significant relationship between the preoperative symptom duration and a successful outcome could be demonstrated. Finally, several authors have suggested that the specification of symptoms is essential in diagnosing a symptomatic NVC, e.g., so-called typewriter tinnitus. Typewriter tinnitus is a clicking or ticking noise that may occur in paroxysms of tinnitus and may be combined with ipsilateral vestibular symptoms, and it has been suggested to result from an NVC. 7, 26 Unfortunately, the specification of preoperative symptoms was underreported in these IPD; therefore, this information could not be included in a statistical model. In future research, more attention must be paid to this topic, because specification of symptoms might be essential in identifying those patients who may benefit from MVD.
Limitations of the Study
This systematic review has limitations that merit emphasis. First, an important finding is that the only studies available that addressed our research topic had low levels of evidence (Level 4). This must be kept in mind when interpreting the presented results. On the other hand, this is the best available evidence, and a sham-controlled study with MVD would raise serious ethical concerns. Because of the inclusion of case reports and small case series, there is a possibility of publication bias, which may have resulted in an overestimation of the success rate that was found in this study. Unfortunately, the data were insufficient for performing formal statistical tests to assess publication bias.
Second, in this review, a global measurement of improvement was extracted from the included papers. This outcome is subjective (patient assessed) and it was not standardized in the vast majority of the included studies, as shown by our quality assessment. Unfortunately, we had to rely on these unstandardized self-assessed outcomes, and this is a significant limitation of the present study. Obviously, standardized outcome measurement such as validated tinnitus questionnaires should be used in future research, to gain better evidence of the true success rate. De Ridder et al. published an article describing the results of MVD for tinnitus using preoperative and postoperative questionnaires (e.g., visual analog scale and tinnitus questionnaire). 12 However, these outcome measures could not be included in our analysis, because they could not be translated to global measurement of improvement, as used in all of the other studies.
Third, all included patients had an objectified NVC during surgery, and all patients underwent MVD of the cochleovestibular nerve. However, inclusion criteria for surgery varied considerably across the studies. Some patients were operated on based primarily on their disease history (e.g., intractable tinnitus/vertigo), with or without the suspicion of NVC on imaging or abnormal ABR, whereas others were operated on based on more specific diagnoses (e.g., typewriter tinnitus or disabling positional vertigo). Considering that asymptomatic NVCs are often reported, 9 one should keep in mind that a proportion of patients might have undergone MVD for an incorrect indication, leading to a lower overall success rate.
Finally, an important limitation is that we were not able to collect IPD of the 2 largest studies describing MVD for patients with tinnitus (n = 72) and MVD for patients with disabling vertigo (n = 163). 33, 34 Due to these missing data (ranging from 6% to 85%), we were not able to perform a multivariate logistic regression analysis. Therefore, the conclusions from our IPD meta-analysis are based only on a univariate analysis and should be interpreted with caution. A larger sample size is needed to perform a multivariate logistic regression analysis and to gain more insight into the prognostic factors for successful surgery.
Conclusions
This systematic review and meta-analysis demonstrated a low success rate of MVD of the cochleovestibular nerve for treatment of tinnitus and vertigo. Also, a surgical complication rate of 11% was encountered. Therefore, this surgery cannot be considered a standard treatment method for either tinnitus or vertigo complaints. However, in patients with both tinnitus and vertigo, there was a substantially higher chance of treatment success. It is the combination of symptoms that suggests that an NVC is the underlying pathology and thus MVD might be appropriate. However, this systematic review was based on studies that had low levels of evidence; hence no definite recommendations can be made. Further validation is necessary to evaluate whether patients with combined symptoms are indeed better candidates for MVD.
FIG. 4.
Complication rates of MVD surgery of the cochleovestibular nerve. Only 22 of 35 articles (representing 492 patients) reported if there were complications and, if so, which ones. The "Other" category included epidural hematoma (n = 1), temporary vagal nerve paresis (n = 1), herpes zoster (n = 1), loss of vestibular function (n = 1), temporary vocal cord weakness (n = 1), temporary trochlear nerve paresis (n = 1), temporary bulbar paresis (n = 1), temporary swallowing problems (n = 1), transient cerebellar sign (n = 1), and cerebellar hematoma (n = 1).
FIG. 5.
Scatterplot of "sample size of study" versus "percentage of complete relief" to assess publication bias.
